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Abstract: In the exploration of steel corrosion mechanisms pertinent to steam power generation,
Holl has been investigated as an alkalizing agent to form protective oxide films on Ioiler walls. Steel
capsules treated in three different ways, (a) with H20, (b) with 1.5% UiOH solution, and (c) with LiOH/

EDITA rpl I I) at 316°(., formed films which, in ihe initial stages of development, were shown to be
Fea( ). However, the crystallite size, the degree of orientation, and the film uniformity and continuity,
determined by electron microscopy and diffraction, varied with the method and length of treatment.

The fihln foirmed hy distilled water showed small (1000 to 2000 A), oriented crystals With sharply de-
lineated areas of growth. When the l.iOH solotion was used in the treatnent, larger crystals were
formed. but flaws were still noticeable after 24 hours. With the LiOH/EDTA solution, the growth of
the crystals was very rapid, forming a thick. coherent film on the metal, which should offer excellent

protection iagainst corrosion.

INTRODUCTION series of tests, LiOH was found to be superior to

In the course of exploraiion of stee corrosion NaOH in corrosion inhibition when these alkalies
meh m pare used independently in solution with no other
a ime n hanisms pertinent to steam power generation, additives.
attention has recently been given to LiOH s an In connection with further studies of corrosion
alkalizing medium for treatment of steel bt mechanisms in these systems, the techniques of
elevatedl temperatures (1 ,2). LiOH cannot be electron microscopy and electron diffraction are

simply substituted for NaOH in the conventional being utilized as an aid in the analysis of the

Navy low-phosphate treatment for boiler water strutured of the gotpc ss s of te
primril becuseof epostio ofL6P0 onthe structure and of the growth processes of protective

primarily because of deposition of LibPOe on the films. These techniques have been used to examine
boiler walls (3). Investigations have been under- the initial processes of oxide film formation in
taken to evaluate LiOH boiler water treatments H20, 1.5% LiOH solution, and LiOH/EDTA
where an organic chelating agent, ethylenedi- solution at 316TC (conditions related to boiler

aminetetraacetic acid (EDTA), is used instead of operation) to ascertain whether the morphology
Jphosphate to prevent hard scale formation by the and/or composition of the surface oxide differed
alkaline earth ions which are always present in systematically with the treatments and whether
sea water distillate. Preliminary studies in cap- such differences, if found, could be correlated with
stile systems at this laboratory and in model the relative degrees of corrosion inhibition pre-
boilers at the Marine Engineering Laboratory have viously observed for these additive systems.
indicated that this type of treatment is preferable
from the standpoint of prevention of boiler wall
corrosion to the low-phosphate control treatment EXPERIMEAN AL TECHNIQUES
presently being used by the Navy (3). In the same AND EQUIPMENT

SThree test solutions, prepared from distilled
* NRI. Problem C05-22; Project RR 001.01-43-4758. This is an interim water and reagent grade chemicals, were used in

report on one phase of the problem: work is continuing on the problem. te experiment (adistille wer only
Manuscript submitted May 24, 1966. these experiments: (a) distilled water only,
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(b) 1.5% (by weight) LiOH solution, and (c) pH I I minutes or less heating to obtain sat;sfactory

,iOH solution containing 100 ppm EDTA. This separation. The stripping process was carried out
last solution was prepared by adding 100 ppm of overnight in a vacuum desiccator and, to insure
ethylenediaminetetraacetic acid, neutralizing with that the solution and vessel were freed of air, the
LiOH. and then adding sufficient excess UOH to pressure in the desiccator was reduced and the
bring the solution to pH 11. methanol solution "bofiled" several minutes just

The oxide films were prepared in a manner before and after specimens were inserted. Tile
previously described (4). Capsules for this in- stripped films were washed in methanol, and
vestigation were made from cold drawn mild steel mounted on 200{ mesh molybdenum grids. Buob,
tubing having an outside diameter of 0.250 inch Beck, and Cohen (6) have concluded that an oxide
and a wall thickness of 0.020 inch. The tubing film separated by the iodine/methanol technique
sections were degreased in trichloroethylene is not altered if the process is done carefully.
vapAor, hydrogen annealed at 875 0C for one hour No apparent change in the oxide film which could
and cooled in the hydrogen atmosphere, then be attributed to oxidation was detected in our
vacuum annealed at 875*(2 for one hour and experiments.
cooled in the furnace. They were then quickly In the electron diffraction analysis, two modes of
removed and placed in closed containers in a diffraction were employed-high resolution dif'-
desiccator containing anhydrous calcium sulfate fraction and selected area diffraction, tx)th at
for storage until time of usage. Specimen samples 100 kV. In high resolution diffraction, the elec-
were prepared by drawing the solution to be tron microscope serves onlN to impinge a beam
evaluated up into the sections of annealed tubing, of electrons on the specimen with the diffracted
which were then pressure sealed into capsules in rays traveling on to the photographic plate with-
such a way that no air was trapped within the out auxiliary magnification by magnetic lenses.
individual capsule. (The oxygen content of the Therefore, ni, lens error intrudes, and the dif-
solutions was less than 8 ppm.) The ends of the fra tion pattern is inherentith more accuratc. I,
capsules were subsequently spot-welded as an selected area diffraction, the instrument functions
additiona! precaution against leakage. Heat as a microscope and the difiratlion pattern fronm
treatment was effected by. placing the capsules a selected area of the specimen image is obtained
in a stainless steel beaker which was introduLed by changing the settings of the lenses. More
into) a mechanical convection oven maintained at pertinent to this discussion is that the area con-
316 ±-- 2"C. It was estimated that the capsules tributing to the diflrat tion pltClin is much larger
came to temperature in less than 5 minutes. I'o in high resolution diffraction than in selected area
secure oxide films in various states of develop- diffraction. Oxide film specimens which give

ment, a stanndardiied heating exposure program pohlrstalline lpat tcnis hb regular diflfrattion
was adopted in which specimens were taken at frequentilv have areas of short range crystal
the following six time intervals: overnight at r,,zu ordering which g.,five predoinIantly single crystal
temperature. and ( -rnight at roomi temperature patterns by selected area diffraction. The se-

plus 5 mintites. 15 minutes, 30 mfinutes, 2 hours, letted area Mode of ditlraci ~fli will w A,, de-

and 24 hours at 316"(. A few spwcimens were %ignated. whilite I em) i difiltacttih' will he1 used

also taken at other heating intervals. After a to mean high res( !ition diffraction.

gisen exlx)suire, the capsule w.,. withdrawn from
the furnace Mnd uooled to r,,mr tem perature. IRON OXIDE FILMS FORMED
It was then opwned. drained of test solution,. IN HI2O AT 316 0C
and rinsed well in reagent grade methanol.
I)ti:v ttla ipsu les were ;tored in a sa, iiu n desic ator The oxide layers formed ,n the tapsule walls
until they ,nould be examined. under this environment are inhonmogeneoums to

Ihc iron oxide films were then stripped from the eve, especially those heated for short perio, s
the base metal in an iodine! met hai ,o m htion (5) of time, and they remain inhmogenetous when
with cnet eration I0.1 g iocline,'( nmethanol. siewed in the ele tron minI(,toso~,. It a numtuber
A sUil,,irting Lver (if ar-bon had to be esalxrated of i" inens are surveyed, however, the artifat Is
on the %etv thin oxide films formed %ith 310 and inhom(ogeneities betome rectognizable, and
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eCrtail i trend~s ill fihe ni ide of oxide formation are anl( 3160(C) water have observed the samne
SOItI Aipparenit. Representative views of'the oxide p~henonmenon and -issociated it with the presence
fot inir O)il iron exp)osed to water at 3160(C tern- of'grain boundaries in) the base metal. The 2-howl
fpera tire fotr increasing lengths of timie are shown specitneies f'requently exhibited "nudceation sites"

in Fg. . Te oidefilm lin Fig. 1(a), where the (as indicated by dl;- arro inFgId)whc
exposuire was only overnight at room tetuperat Lire, were not a)pparent in oxide films generatedI by
is v'ery thin ais evidenced by the low contrast of' shorter or- longer p~eriod1s of' heating. 'I 'he ten-
thfe mnicrograph; yet even here the oxide growth dlency with increased heating is to increase the
is far fromn homnogeneous. T'he stripped oxide area of' the hilm surface covered by the overlying
layer f'roni a "b~lank," i.e., at section of tubing that crystals; however, even after 24 hourS at 3160(,
hadl not lbeen treated1 with water or- heat, is very air hotigh fthe film wats obviously thbicker, coverage
slinlilar to this one, indicating that little react ion was not compjlete, and! "thin" local areas ats in
hais taken p lace du tring the overnight equilibrating Fig. ](d) could still be f'ound. During these ex-

period~. Thle tlifhac;It lotl P~atterni from irn filmi such tended perio ds of' heating tie mlaximnu i site
as t his *:Sciiriatiit irjhoiis, but of ten conutains faiint of the individual crystal remains relatively
Sifires that (anl he Inclexe(i oiltthe spine1 structtilre smuall with few crystallites exceeding 2000) A
o f ii lagliet11 i(' (Fe3(4) wlik(h would he expected in) diameter. All diffract ion p)atterns f'romi these

lof liii lit ndl(' these (ounditit Ils, thicker films showcud only 5pi ne I, prestimably
Ill Fig. I(b) thle calpsiule had been stib ' ec~ed to Fe:t( ). rings.

1 5 ilin liiit's heal ing lin hif 31I6C fi mate sub[- 1'i e at it hors (7) quiotedl above h.epublishedl

sc('(litlt nI( standiling t vernight . Wlith this treat- elect lol Hiicrographs whi h show pores ats large
riletit th lie I il'e ( iisiv amt~orphou )s of sellialilor- as 300) A between im piniging magnetite grains.
pim)( ts ox ide fillni has becomiie lpreclf' iji~~n-ItlY From this and otther evidIence t hey have -onf-
(i'lstall inie wit hi ryst atlites iii the range 200) to chided (hat the in ner laver of' magnet ite ]in their
I 1000 A leacifii ki~hle. flit' transismissioli tlf1t-lij'- two-lavci' oxide films is pi obably por -(tus " Id thatl
[lt' lhI allcei'i is no w ('I ti 1' scl )f discrete spi nel thilis porosity represenits at possible uneans of'access
Ii igs: but selet led a lva d*iffi act it ii tf'ttn yieIlds hIrm oxygen to thle base mnetal. With t his lin mind,

I mI llcils ('C isisi ing of single crvsl alIiline arrays o)Iflith magnet ite films prep)ared lin these experimlents
ipts, whh lIr h indicate shorut rajnge toter- It, Ihe f1 1ii1. Were examiiined lla high magnificat i n foi- the

I hiei'e Is i11i ul atiii that these clx.."A Iltie5 10,111i presence of polres. In af 15-minuite 51K'( Mimen, Fig.

1)11111 i .1ii d onit topl1( of the ttri.g'il;il film. AS 2. stpa(ets between the individtual cI ystals ai'e (uitte
(alr he seeni Ill Fig. I0)", whadt at fir-st aIpp~eal' to be aippar'ent, but there appears to be a (coherentt
twic. Il ill filiii 4)(i It I'.litix'ly'fi(ti't wht'ii Oxidet Liver tindleri-iig these spaucts, sto Ih thatlt tile

ex~lilliet 11 high iiiagmiif)iutlon. llowcexel, thlese bal't liieuat w(Iititl lx pro~cte('td A bfotndaly to the
hl(i( sht's si I% stalltigiaphio, shapes anid all tunder'- gi'owthi1 arva of ovel kinig miagnettite t r'xsiats f'o- a
Ivilig kl~ct filili ill wili hi still other' t'rxstallitcs 2-homi oxide filiii. Fig. 3, allo)ws the obst'rvat"ioi

ill lhe di(ti itiedl, iitl(I* lilig 111a1 hIese ar O(f I)urt'S l)C'TCet' thle ii~l)x'riinist r(1sAl(1 while
.titil ites% In upill %Is hi Ii a ''sliel,1% been shlItiig slimiiitaniiouisl thait they are hacked

sttnrlCtus)% dislod1ged. Ill lilt) 1MInstal %'.wa% a holde 'o' an1 .. j'ta le n atif.ppil'etitli omiiiiiiiiois

(ifth isi tipe fmitrit 1t g-o mi~llljltict'I thiiiuigh ti~stallitie base filiii. There ale, tinyl pits (apploxn

tIle( oxcide fa!ii. iniatel 50i A' lil (ialietel') itit thle sulfrAt t (If this

F thietic lieating. as Ill Fig. ltd., %%s hei the f14111 %%in1 hMaie titil'x plafined, bitt %flith AIi -a JJJ ill

.iiisile. %%.i% 301 lI~lliutjes in helc i nate11(. .11id ill hlighel' mnagiifi ation as if 1lie% 1ieStuitted 1 foml somle

ht.g. Ioh %%h( cl etihe hit'alirii Linol %%as 2 hiuims. soit 1uf %uibnii1i4os* opm( spaltirigk pi Cut ('55. (l

1 iiiih '' CIS islill (i I s,iis 10M() ito 1500 A 'x.I ililiat1 oll ()f tile otigitial phoigau l 1 ate

in iti.uiliieiiisi %%Il Itiegirlr s.1 e ohc iiittne Iu Fig'3 :iv't'Ieis site's whid i tiuiild he takeit as

.ipti~uIi u'.ltii~uit Iit'giii~ ht measohthese lmtuits lX-Im-el t'.ii ini thc base filmi, although~

ii i I Zii ii tN.1ls tif(' if('ici i dl dehlinaled- '[Ie it( iit tIx' as ltamed1C( tha.t t hese ''jtures diiP Ill
et"Ison li)i this 11.s nol) lX'eii eiglsud bilt hield hot extend thimiigh;I-( MITI f wimhu.l It (.i1i 1c staite'd

1uiid hf~i' tlu' 17) %%h,, hi.iic % stjdl'l Itilt- tgi ins i ol ltuee that if 1tu eMIs exist htiei . thies are Iwlos
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40.4

*A

(a) Overnight at r~oom temperature

1. A.

(h) 1 5 rninutsti n .116(C furnA.)~e
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(~30 minutes in 316T. furflKe

idl 2 Fwotzr% in 316'( furnA~v

-n -i irnict , .i i 44 -at riont~;,~sini diikd If,( ( h igain, : mt; 4iute
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Fig. 2 -Area of grndi (-rvta! de-Iopment on HO venerated iron olode fill"
aftecr 15 mzinoLics 316 I l~ urn~te. )rigrinil mainfi~aiih 66lflt~.Imm)X.

IF

.4,,

FRI Ioundar% to gr tae on Fit() icemcarr tron,, i Filmd Aflit er
2hini 116'( tut tiji Ce (h~ igin.al njk~muht .Atutn 66.ifwibII
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IRON OXIDE FILMS FORMED discussion of the oxides found at an iron alkaline
IN 1.5% LiOH AT 316 0C electrode, Mee (9) has pointed out that a-FeOOH

was a possible source for an unexplained 2.22-A
While mac roscopic inhomogenilty of' (he oxide peak observed there. The cohditions within our

layer on some specimens was encountered in this capsule specimen are suitable for the formation
setries of exlperiments, a very definite trend in the of this hydrated oxide. It is also noteworthy that
mlodle of oxide formation on the microscopic this compound decomposes to Fe3O4 on heating,
scale with increasing periods of heating was which would explain the disappearance of the
observed. Figure 4 shows stripped oxide films surface crystals as the specimen is brought to
fromn capsuiles exposed to 1.5% LiOH at room temperature. The finding that none of tho!
tenjperaltiire (Fig. 4(a)) anato heln healted 15 other three strong lines (4.18 A. 3.36 A, and
minuites (Fig. 4(b)), 30) minutes (Fig. 4(c)), or 2 2.69 A) of a-FeOOH which would be distinguisha-
hours (Fig. 4(d)) at 316 0C. The oxide film in ble from the Fe 3O4 pattern is disquieting, I~ut with
Fig. -11l dififers from the one produced with H2 0 diffraction from very thin films of this soft it is
urimci iie samne conditions primarily by the pres- not uncoio&m'.) f -r lines, perhaps because oi
enite of two distinct types of p~articulate matter, orientation or crvstal shape effects, to be absent.
thle first becing small quasi- rec tangu lar crystals From these considerations it was concluded that
whithI have very unuISual contrast and (x-cur the rectangular surface crystals found on oxide
radn rrly m or in patches," while the second (on- films formed in 1.5% I.iOH at room temperature
sists of' spheroids of' uniform totitrast which were probably a-FeOOH.
appear fin group~s arranged in (lusters or strings. Spherical particles of -he type sceei in Fig. 4(a)
Platinum-carbon preshadowed replicas of this have been previously of-served to form onl Iodine-
surface, Fig. 5. show that these are indeed rec- methanol stripped magnetite films after the
taniguliir crystals which rise above the oxide suirface separated filmns had been exposed for short
and that lin each cr'. st~al there are sections A~bi h, intervals to air (1 0). Figure 6, a platinuni-carbon
ats Ind~icatedI bNy the cirystal's "shadow," are as thick jireshadowed replica of the oxidle film oi a:n uin-
ats (lie rest of the crystal at. Yet are quite tranis- treated section of tubing whi h was stripped after

paren'it. The exp~laniation of' this phtenonlienorl is the shadowing jpr(xess had been perfoirmed.
tnot kniitmn. It atin also be seen from the micro supports the idlea that the par titles aire pr(Klued
"gt .l)1 that the specitiiet suirfat e between the after (or perhaps during) the stripping si-p. fol
(rvstals III this casc is versN granuilar. Selected whtitle (he fea~tures of dtie base film. whit h fill

aradiffi at tio Itf-oml a set(lor lerisclv jxipulaitetI adheres to the replita. are shadowed, the sphere,'
%%ith these trvstals oin anot(her uinqhadowed filmn themnselves% are not. *Fhcsor p;.aiiclers gave ixxirlv-
gavt tlifftt Ioti(01 l)attl'rl.ý %hich. although t heN definted serlected area tdiffra~titin patterns whit h
wer~e tphst ired b% high bat kg: ound intenlisit. ((t otik not ti he x sI6iclv identified, although t heN

nt iat tietl the( lines listed in Table I. If it were .1plwa~dred to be fro nt Fr3O4. 1 heore I% m .ij paletit
not fm h Itlic )rr~enet ( of thle 2.21I-A brie, this part taken h-, the spherit al partklelos in the ox ida-

I ptt-mniii (on d bc Inidexted 'in thfe spintie st rititure tic~ijit p~5ro5o s of thle film as a ~holer.
of Inuttlvinct . BlIt t ther itIIIII hi titubstituteid spitel. After I5 muinurtes heating. Fig. 40h). %cel-

Iikh'( )., anid gamma forrint oxidle, Y- Fe1 ( ). gie developed. vcrr opaqlue r rvstals are found % o~ldc
ditfi Iattim i 1i.11it11 terIsf lhce%.time genecral spi~liecl dispersed tin the oixide strart.ce. Two fo rms% are

as)- 1 Fe,( )4 e\t ept that ext ra. lines, amlong to he seen, one sqjuare antd the otitcr hexalonAl.
itemii il1 2.21 -A Il)(. Ap1i~x-ar. I lie fr eIlttir Iilritn's- shadowed ricltl(As, IIf this surftme intlit ate that
is (If theser dtet littins% tminared to thle rtimaor the t~ o formsi atre of a pprtxiixtrnae equial t iltk-
litwie is, ers\ I. htiwerer . and it is tiinlikels that nor-, iatxnt I trili-rr') ind that the suatre-m~usd
1wIC ss to1( Itt \Vhe sIein .a 1.111it thu rat ttiiri patr t rstals ire .iI~tit as. t hitk a% thle% Are IAKIC. arid
sin~ j% asfil%, It %.-.i,ts als owrs ed that hc rs-tvtls -ire presuimahl% uthit . T'he Appcwarini e of the tin%
Ini que1st11 iti wre ties er f~ttirid( in oxide fdlni% whit hi r( ftllte the base film here is soirnc hat
had 1"-n: hieated to 3 I6*C(. I hit% v, told pret hide Altered( in mirlp.riumri to their .1plx'aramI( eIn h1411
Iaul'tO() And Y-lt':(3 %i intoe NOit ate itistiluble 11tthtlfiiil with IIt( tindert the samel~ tonditioris
Anti stable os er thc h winterlratu re I.tingc%. I in Ai 4i,: I'igIthi None~t hekss. sekot ted .ircA diffrm.4tlon
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Fi'. ' latinutn-i ,rlon preshadoweil reJpli(a of crystals on the surface of an it'on oxide
him if ater 24 homs at toxom 11ip ciatutwic on 1.517( ti()1. Original magniiiliation 16.O000V

TABILE I patterns of* this oxide film, its well ats ( hose ex-
Compntj arisont of 1)ifframtonl Pait tent-sof Aritonliak uIs hibited by films prod wed by move p~rolongedl

Ctsil Found on Oxide After 24 Houirs in heat treatments, showed only mnagnetite r-lelic-
1. 5(7I( 1,l1- dt Room lTempertdtir an df( Ft:,( ), t ions. The large surface crystals are 1(xo 1 Ick for

_________________________________________penet__-ration by 100-kV electrons and should
Anomailous Crystals FeIO4 (ASTM 11 -614) otiu ltetot ptrn

4.85 40 (overage is more tomplete. with the overlying
2.94 IM MW 2.!W6i 70) crstals starting to form sernicovit inuous layers.
2.50) S (diffuise) 2.530 100) A considerable degree of orienltation between

.. 419 It() neighbo~ring crystals is often noted in these upper
2.21 MIW Ilavers. Su 1' areas must5 result f'rom somec undle-

2K) W 2. 0%. 7 Ii ne(l siL~st rate effemt ( ulbranse n, et alI. (11I) have
1. 70 M 1.712 60 eotd"ii4o rwh"frIo xd INSd
1.61i W 1.614 M5 tpy wted atines of grwt 11 pelote .111 havti(e'(rstals
1.47 S (diffuse) 1. 4 8 85 rdueIalo xwipesrsanhaeug

- _______ ___________ __________ -gesteti that t hey, ate a finn( tionlof the subs tact ire
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Fig. 6 -Platinum-catbort preshadowed replica of an iron oxide film stripped
from an untreated steel tubing "blank." Originipl Magnification 16,OOOX.

of thle metal grain. Capsules heated 2 hours at This procedure is depicted schematically in Fig. 7.
316TC yie'ld oxidc films where the degree of' After a supporting layer of carbon has been evap-
coverage by thle tappei crystals is still greater. orated onto the specimen surface, the intervening
The crystals themselves are somewhat larger. As oxide film is dissolved in approximately 4-N HCI,
seen in Fig. 4(d), however, cracks and voids do allowing the carbon film, which retains a certain
exist between inkilvidual crystals. Oxide films from number of oxide p~articles, to float to the surface of'
spcrun hcate~i much longer than about 2 hours thle acid solution. The extraction relplicas were
in 1.5% 1.i011 aire too thick for effective study washed in distilled wate- and then met hanoI bef'Ore
by transmnission electron microscopy, but(, if' films being mouinted onl microscopy gridls. Ani electr: -
front heating exjx~sures of' as much as 24 hours micrograph of' iron oxide grains extracted in this;
are scanne(1, fissures and "thin spots" can be way (Fig. 8), shows that the particles have been
found throtugh which the reminants of' the base diminished and thinned by the dissolution actioni
film tan be discerned. of' the acid. Selected area difliaction patterns can

The identification of the electron opaqtue now be obtained fromt many- of thesec thinned crys-
crystalIs of thle itipper oxide surfat e was approached tals; they show, as iii Fig. 9, that the particles are
tirig.gh the techique of extraction replication. indeedf single crystalline,
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I . BAK OXIDE FILM

7iIRON

(a) Specimen surface

_AN .w- CARBON FILM

(b) Evaporated .arbon layer on surftace

-EXTRACTED CRYSTALS

iL

4c) (;arlx. tl and tfextra ted p)adtitles

aftet (a. 4 N fi(:I alla k

Fig. 7 - Representation of the rarbon extraltion replica method

S] " -* ,;

*+.. ..- , ) -

" :\

-• " .- ,-.,,

w A

" .1

-'• ( .ibro ~iii.n ihl nd extran led %ot lane < rstil hont a lS5' Ili()H

)eitler~trnl ito IxirfI flni( hittrile 2 hoiirl* in! •16°( fitIIIno r ();Ij,;aI

-u~~ ~T-lalnill- w- -l -. )___ _ I-..
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The surface crystals from iron oxide films
generated in 1.5% UiOH at 316"C with increasing
periods of time were examined in this way. The
findings from these experiments are summarized
in Table 2. Particles of a distinctively different
appearance were also occasionally observed.
Their selected area diffraction patterns agreed
well with the pattern given for iron carbide, FeC,
(ASTM 3-041 1), and they were dismissed as arti-
facts. No particular orientation was shown by
either the spinel or low temperature LiFe0 2
crystals, with diffraction patterns from most of
the common diffraction planes being found.

To ascertain whether the spinel was the lithium-
substituted spinel, IliFesOM, or magnetite, samples
of the stripped films were subiniited for trace
analyses as to the relative amounts of lithium and
iron present. These data are given in Table 3.

Fig. 9 Selected area diffraction pattern Since the specimen areas from which the oxide
iron extracted suirface ciystal films were obtained were approximately equal

(certainly within the ratio of 2 to 1), it seems likely
that the great increase in the amnoinnt of' iron

detected after 30 minutes heating over that found
"r•ABIE 2 after 15 minutes heating corresponds to the

Identificatiot of Surface Crystals Extracted from drastic thickening of the oxide film by the forma-

Iron Oxide Films Produced in 1.5% LiOH at 316 0C tion of an overlayer of thick crystals as observed

Duration in the electron icroscope. If so, the bulk of the

of Heat Treatment Crysta' Compound Identified oxide at 30 minutes consists of the opaque spinel
crystals in question. antdl. if the% are indeed

2 hours Spinel L.iFes(O, approximately 21kg of lithium should be

24 hours L. T. lIFeOi plus spinel present. The sensitivity of the lithiutm test was

2 months 1. "1". li~e(), sufficiently great that his amntu mt of lithium
should be easily dete(ted. Since no lithium was

TABE 3
Analysis for L.ithiunm and Iron Present In Strippxd Iron

Oxide Films Prodtuced in 1.5% lO.4 .::

Duration of Heat Treatment lithium Iron 1 bFe

(Ag) I (Ag) Weight Ratio*

24 hours (at rooim eiral).) - --

!5 minutes - I
30 minutes - 79 -

I hour - 54 -

2 hours trace j I M -

4 hour, - 14 -

24 hours 3,5 36 0.()07
2 months 12.5 112 0.112

*W right ftk Iji I,,r I. 1 I iFr, . 0 124. fot Itle.(. 40025
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fouind, it wa.is (oniclt(Ided that the spinel phase only 15 minutes heating, This perfect ion was
('"11(1 iUot he ,I Fec( )m and that it wats p~robably duplicated at the mi~roscopic level as c-an be
therefOre Fe3Oj). ,Xlthough these analytical experi- seen in Vg. 10 %shere the same time sequence of
mertits were cursory it] naturte, two phenomena oxide forrnation ints used for the two previous
were o)b!'Cervd which sho uld pe-rhaps be Investi- evaluations is shown, TIhe oxide film on a capsule
galed mlore fulls:; these being (at) t hii hik he (Fig. 10(a)) allowed to stand overnight in contact
rat idlit hof ii to Iro n approa lies stoichi onct ry with thle 1,10l-l/E' ýVA soltit ion is r . general similar
fOr L. T. .iFe( )2, itin ex.CeSS ofI iron remains in to the oxidle filmi f,. and uinder thý! same conditions
thle filili even.I Afte two mionths at 31 6'(", and (h) with dlistilled wsater or 1 .50/ I. 01-. Once the
that t here ap~ie-ars tol he (lefiinte t hintnting of' the ca[.sule if, stibjecteC to heating, however, this Is
oxide finm sm iiiewhere between 2 a nd 24 hotirs noi longer thle case. Akter jtIs, 1 5 in iniutes at 3 1 6'(
hea.;t expostire, thle metal surface (Fig. 10(b)) has txecome 'xtC n-

sively covo.red with at coherent layer (If intinwiely

IRON OXIDE FILMS FORMED IN houndtl~ crsstails. The speed with which this filmi
LIOHEDTASOLTION(pH I) T 31 0C les'elolps is (demotnstrated byv Fig. 11. which shows

ain oxidle f itin fromt a capsule- withdrawn after
I h ui~ui 0( flm .1 ppeaut ii)( ( of thle interior onl% 5 nm rites in thce furna~ce At 30) nm rites

%%A~ls ()f t ihc pile was qutite go xId wit h at tini- hecating (Fig. I(WO) the size of the Individual
%4am cwll-dCeveh ped oxidle 1i Inn in evidence After (r'rsta Is imakinug upI the layer has Increased to

Fig 11 - I mn ,vxKde him pmirwlu. q- ht I jOll VIi N tpi11) Iii luts,4n iftte
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approximately one micron, and the boundaries those obtained by Cohen, et al. (6), for magnetite
between crystals are plainly visible. If an aperture films prooluced by gaseous oxidation of freshly
that selects a very small area is used, so that the reduced iron are compared in Table 4. In both
greater part of the field 's taken by a single instances the oxide film was s)ippd in 12/Me(H

crystal, very good single crystal diffraction pat- solution. The excellent agreement shown in this
terns which can be indexed on the Fe3O4 spinel comparison indicates that the film produced from

4 structure are obtained from the film at this point the UiO(H/EDTA solution under the conditions
* of development. Figure 10(d) shows the oxide of tht'se experiments is Fe3() 4 . Some lines (shown

film after 2 hours heating. Note that the oxide in parentheses in Table 4) which are forbidden
grains are once again siiialler. At 24 hours, the by the space group requirements of magnetite

* film is somewhat thicker, but still transparent (10 occur; however, these reflections are conmonl-
to i00-kV electrons. Its appearance is virtually relported |Vr "c10 4 fil1% .ond ;ore Itsu;tllN Cx
the same as at 2 hours heating, plained as resulting from (lhfble diffra(tion (8).

All of the oxide films prepared with l.iOH/
I EDTA solution gave excellent polycrystalline ring CONCLUSION

patterns (Fig. 12) with sharp, homogeneous lines
,. and no indication of crystal orientation. The Three distint trends in surfa(te oxidle film

interplanar spacings measured from Fig. 12 and growth have been obsersed fot the three different

4

--- ...

FtK I• - Fitiron dnffractrnn pattern frimm an irnn owuk4 flm prixmertd

b% I 4 )I4 FD) 1 (41 1 1) u ,Jutbton a1lrrr 50 minut'm. itn 31 6( Iwr n e
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TABLE 4 large imbers of surface crystals frequently are
Comparison of Electron Diffraction Patterns single-crystalline simple arrays, indicating that

from Oxide Films from IJOH/EDTA the crystals grow in an oriented manner. The

Solution and from FC30 4 Film growth areas for these crystals are localized for
Formed by Gaseous Oxidation of lron (6) short times of heating and are often sharply

FimFl - delineated. Both of these observations are indic-

I from I (est) from 1/1 Spinet ative of epitaxial growth of the surface crystals,IjHET FesO4 Index presumably on the surface oxide film, which may
LiIIET ___ __I_____ itself be in epitaxial relation with the underlying

1. 4.81 A 5 4.81 A 25 111 metal. Even after 24 hours at 316*C, the composite
2. 4.17 VW 4.20 4 (200) oxide film is not uniform, and many arc.&N cona-
3. 2.95 S 2.97 to 220 sisuing primarily ofthe base film only can be found.
4. 2.52 VS 2.53 100 311 The major mass of crystals has a diameter ini the
5. 2.41 M 2.43 20 222 1000)-A region, few crystals exceeding 2000 A.

6. 2.10 S 2.09 25 400 All diffraction patterns from films gnrer~ated in
7. 1.92 W 1.92 8 331 H2 0 have shown only spinel reflections, ()nslstent
8. 1.87 W 1.87 6 (420) with at magnetite film compo~sition.
9. 1.71 MS 1.71 25 422 When the capsule interiors are expo~sed to 1.5%

10. 1.61 S 1.62 40 333, 511 IiOH solution, the physical characteristics of the

HI. 1.48 5 1.48 50 440 base film are esse-tiallsv the same as with H2 0.
12. 1.42 MW 1.42 13 531 and its chemi~al composition is once again Fe304,

13. 1.40 W - - (600) as evidenced bs. selected area diffraction. hut the
14. 1.33 M 1.32 13 620 surface cry~stals which appear as the capsule comes
15. 1.28 MS 128 20 53 to temperature are quite different, here they have

16. 1.26 W - - 622 very well-defined cr~ssu lographit. forms-being
1 7. 1.21 M 1.21 17 444 either c:ubic or hexagonal -and are as large its 1
18. 1.18 M1W 1.17 13 551. 711 mic-ron in diameter even at thle IS-minuite Interval.
19. 1.16 VW - - (640) Selected area diffraction of' t hinned, extracted
20. L.12 M 1-12 20 642 suirface crystal. froni capsuiles given 2 hotirs

21. 1.9 M 109 2 553.,731 heating show that they are spinel single crystals,
.1nd. 4ince I I.i, Fe analyNSIS shows no lithiuim in
films generated 6N short heating times. they are

test solutions. These mnas. be desoribed suý inctlv takicit to be Fe3( )4. Lo(nger heating produtes
in the followinig maimer. greate~r cE)%Ci-agr of the spetninen suria~e. hut

With 1-110), the semniamorphous magnetite film hxlltiied growtth is observedf here also, and thle

piesent on the tapstile wall after thle ovei uaght (". erlNing filmi contains detects ain( does not give
equiltihrating period beglins to tr% stallite wheti the out inuioti1s t~(MIAge even alter 24 houirs at 31 6*(

a~pstile is lowered Into the furna( e. The degree Iheri Is appa~rentih a rec tlion pri-MIutig 1L. 'L*
()I (rytallIn~it and( thickness of this film increaises I _Il'eO: whit h takes pldM e in the oxide film uome-

with tuime, howeser. after atlxtit I5 minutes" in tile timne after .ipfr oximatels 2 houtrs heating, as%

fur nI.Ie. d~isrte crys*tails begil ii o appear. lusual!vCileýe h% dfiffha tin pat teil s ft oni ext I.tL td
in lusteors sp~arse% 11-di-tbuted over thle oxide (ristals and .ii1ais i)a! data tout erlllih.[the I- Fi e
sutrfa.e~. With longer tames At 316ti( the "growth U.1at II in 1 t 01.1 tota1fil. NO pI~tI .1

1 
1ing h in~Z I the

atreas-' for the surfair e ri-stals iu~rcase in site %t ripped film % s een that (ould be uneui
*and number, and the individuial ry-Nstals them- relited to) the thanve In (helmit l omornN tiollo of

sessIn site, so) that the thl kness of the surf ace the film.

(rsstal filmr at A given i~~ he onries greater. The A moot %triking phenometill a' Obnrrl ediii thle
base film remains relitisels uni hAnged, and the experiments with IA)H:EITA .tdditi'es: In Mo1-

:neCrlsnIng iturfanc rvstal film begins to make uip tn as to the sittiiition with 1120 or 1 .5% I 1.011 a
the millor part of the otmlx~site film. Selec ted uniform. (oherent, and aIppareltih (ontantious
area diffra turn) patterns f rom fields containinlg film Of Oxide (IN %tals Is formed on the %s;- amen
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surface after 15 minutes in the furnace. Although ness and which should, from all appearances,
the individual crystal size decreases somewhat provide excellent protection for the base metal.
as the oxide thickness increases, the film retains The role of EDTA seems to be to reduce the sub-
its highly desirable characteristics throughout strate influence on the mode of oxide film growth,
the heating cycle. Electron diffraction patterns perhaps by some sort of preconditioning. A de-
from this oxide film show very good Fe 30 4 rings gree of in-service cleaning was found in the MEI.
with no indicatiGn of crystal orientation. Selected modcl boiler tests using this additive (3).
area patterns tended to be much more often poly- Further experiments designed to clarify the
crystalline than was the case with oxide films from function of organic chelating agents in boiler
the other two treatments. Sites of preferential water treatments are underway, and the structural
growth were also absent. These observations were aspects will be followcd by techniques analogous to
t-.ken as indication that the substrate effect on those, described in this report.
oxide film formation was soinchow reduced by
the addition of LiOH/EDTA.

Considered in terms of what specific corrosion ACKNOWLEDGMENTS
* inhibitive properties are imparted by [.iOH and The authors thank Mr. (. N. Newpjrt who pre-

L JOH/EDTA additives, these investigations of the pared the speuimen capsules used 1erc and Mr.
early stages of oxide film development indicate
that the effect of adding 1.5% 1.iOH is to produce iron oxide films.
a thicker oxide layer of much larger crystals more
quickly than would be the case with H20. The
additional thickness of the oxide provides greater REFERENCES
protection for the steel substrate, and the larger 1. Blhm, ( .. -,i,,-. V. and Ktulteld. Nt.. (.rrownr

crystallite size would tend to' prevent their dis- 18:401t O1li2)

placement by water currents as occur in steam 2. Bihxi % (M . Kuiltrld-. %f utid FIastr. W• V. Cirtowri

o boilers. However, oxide filmys produted in 1.5% 19:3271 O i4i~

[JOH solution show preferential growth sites 3. Btl.mndr. I, If. ME I Rr'wrt "2! h-,. 2 iuiw 19)

which hinder the earlv formation of a continuous 4. 1m Bihm. %I C:. and Kvdtrld. M . ] le,trihfm Sm 10t4
oxide laver, and, even in areas where the (Nuroae (No. 5):2t# t1,57I

Livrwhreth srfue 5 V~I4,1 %% 11 Wollulu~rII. F n Vu~I Iis- I II(Arm'
(overage is good, the film is obsersed to be potois So . 199:621
with cracks between the individual t. ,trsials ex- t) Riuob. K If. B1t-k. X . ., I w ( ,1wuu. S\t. f Ftt, t.hem

tending down to the base film. When lJ(iOH, El) IA .%, 105:74 1 i.ý),S)

additives are used, the film p•rodued does not 7 . S .. rul Itirine,. I\ R 1 k 5:361 1 1465!
$1 i t.tua,.. ( ) ./ .Satufrw,,,• Ii A:46 It-6

have either ot these faults; it is a (ontifiluOts. S i p w () . / t I IA:4h

Soherent film of intimiateh biund inhlnetitc Iii 't .V h . •F fr 07 (No. 4h m):47 SI I N)),

crvstals whikh glows qui kh to ajpretiable thi k- II fd-ulbi in. t e S al.at .%IfeaLs 6-1027 ,IIV54)
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